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The sequences of the tail fiber protein 36 of the phages T4, T 2, K3, and Ox 2 were analyzed for homologies 
and for folding patterns using structure prediction methods. No repeating motif was found. A model for 
the fiber structure is proposed in which fl-strands of about 6 amino acids are separated by turns. In the 
fl-strand, hydrophobic amino acids are found alternating with hydrophilic ones. Such amphipathic fl-strands 
can be stabilized by dimer formation. The dimerization occurs in a parallel fashion so that both N-termini 
are at one end of the dimer. This structure presents a rigid fiber. Our model is consistent with electron 
microscopic data and electron diffraction patterns for the T 4 tail fiber. The observation that all fiber compo- 
nents are found as dimers upports our model. Sequences of the receptor recognition proteins 38 of T-even 
type phages reveal an architecture different from the architecture of the fiber proteins 36 and 37 of these 
phages. 
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1. INTRODUCTION 
The long tail fibers of T-even type phages serve 
to attach the phage to the cell wall of Escherichia 
coli. These fibers are about 30 A thick and 1500 ,~ 
long with a kink in the middle [1]. The protein 
composition of the tail fibers of phages T2, Ox2 
and K3 is shown in fig.1. Gene product (gp) 38 of 
T4 phage apparently modifies a tail fiber protein 
without assembling to the tail fiber [2]. In contrast, 
gp38 of T2, Ox2 and K3 is a constituent of the 
respective tail fibers. 
Upon binding antibodies to a hybrid T2-T4 
phage, Beckendorf [3] showed that gp37 is colinear 
with the distal half of the fiber, the C-terminus of 
the protein near the distal tip. Earnshaw et al. [4] 
examined distal half fibers of T4, including pro- 
teins 36 and 37, in greater detail, using electron 
microscopy and electron and X-ray diffraction. 
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They proposed a model for the structure of the 
fiber with a polypeptide chain in cross-fl- 
conformation transverse to the axis of the fiber. 
The principles involved in designing a long and 
relatively rigid structure are interesting, particular- 
ly in view of the absence of the c~-helix structure. 
We therefore decided to work out a precise model 
for T-even fiber proteins, in order to understand 
the rigidity of the fiber on the basis of amino acids 
(aa). For that reason, the amino acid sequences of 
the fiber proteins 36 [5] of phages T4, T2, K3 and 
Ox2 were aligned and analyzed with the help of 
structure prediction methods. 
2. RESULTS AND DISCUSSION 
2.1. Comparison o f  the aligned protein 36 
sequences 
Protein 36 of T4, T2, K3 and Ox2 can be divided 
into three domains. The two highly conserved 
regions at the beginning and the end of the protein 
(more than 50 aa) are thought o mediate binding 
to the neighboring proteins (fig.l) [5]. The highly 
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Fig. 1. Composition of the long tail fibers of phages T2, 
K3 and Ox2 from the baseplate (left) to the receptor 
recognizing tip (right). The five structural genes are 
clustered in the genome [2]. 
variable middle region contains 100 aa [5]. Com- 
paring the proteins from the different phages, one 
observes that leucines, valines, isoleucines, 
methionines, tryptophans and phenylalanines 
replace each other. Strikingly, the content of the 
most hydrophobic amino acids is very constant, 
whereas the content of other groups of amino acids 
varies. This finding supports a model, in which the 
hydrophobic amino acids are involved in structure 
formation. Similarly, the extraordinarily high and 
constant content of glycine in these proteins, and 
indeed in all tail fiber proteins so far analyzed, in- 
dicates an important role also for this amino acid. 
Glycines are frequently found clustered with serine 
residues and in some cases either the glycine or the 
serine may be substituted by proline (see strand 
IV-V in fig.2). Thus a role for these amino acids 
in the turn formation of the polypeptide chains is 
suggested. 
2.2. Absence of repetitions in proteins 36 
Proteins folding in cross-d-sheet s ructure, like 
the adenovirus fiber [6], frequently contain a 
repeating motif which can be correlated with 
repetition in the secondary structure. Analysis of 
T4 protein 36 (and 37) sequences has already ex- 
cluded the possibility that such repetitions exist 
within these proteins [7]. Sequence comparisons of 
T2, K3 and Ox2 gp36 with the program DOTPLOT 
[8] revealed no repetitive motif in any of the pro- 
tein 36 sequences (not shown). Therefore, another 
approach to understand the molecular structure 
had to be taken. 
2.3. Structural predictions 
Structure prediction plots for Ox2 protein 36 are 
shown in fig.3. The other gp36 (and gp37) exhibit 
similar patterns. Secondary structure predictions 
according to Chou and Fasman [9] (fig.3A) reveal 
about 27 segments regularly separated by turns 
(fig.3B) with d-potential and turn potential alter- 
nating. Most of the protein is predicted to be in d- 
structure and only about 10 aa are predicted to be 
in or-structure. Thus, the prediction is consistent 
with the high content of d-structure observed by 
Earnshaw et al. [4]. 
The hydrophobicity plot according to Kyte and 
Doolittle [10] (fig.3C) revealed that the most 
hydrophobic amino acids are evenly distributed 
within the sequence. Secondly, the amphipathic d- 
strand profile (fig.3E) shows a regular zigzag pat- 
tern, which indicates amphipathic d-strands [11]. 
The regular pattern of sided d-strands is inter- 
rupted by regions of non-amphipathic structure. 
These regions often coincide with predicted turns 
(fig.3B) [9]. Fig.3D shows an amphipathic a-helix 
profile. Only aa 20-30 and 110-120 show a 
regular zigzag pattern typical of amphipathic o~- 
helices. However, since according to the Chou and 
Fasman predictions, these regions exhibit a high d- 
turn potential, it is unlikely that they form 
a-helices. 
In summary, hydrophobic amino acids alternate 
with non-hydrophobic amino acids to form an am- 
phipathic d-sheet. 
2.4. Proposed folding of proteins 36 
From the structural predictions for all four 
phage proteins the folded structure of the polypep- 
tide chains is proposed as outlined in fig.2. 
Hydrophobic amino acids are circled and turn 
predictions are indicated by arrows, d-Strands of 
about 6 aa alternate with turns of about 4 aa. From 
this model, the role of the most hydrophobic 
amino acids and of the glycines can be deduced: 
the most hydrophobic aa are almost exclusively 
located in the d-strands whereas the glycines are in- 
volved in turns. 
2.5. Expectations from electron microscopy 
gp36 contributes 130 ,h, to the tail fiber of 30 ,~ 
thickness [1]. Taking into account hat 1 aa in ad-  
strand is about 3.5 A long, a strand of 30 ,~ length 
(thickness of the fiber) should contain about 8 aa. 
Since the distance between two d-strands is about 
4.7 ,~,, 28 d-strands would be required for a fiber 
segment of 130/~. Thus, the folding of the pro- 
teins proposed in fig.3 fits exactly with the dimen- 
sion of the fiber. 
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In a hydrophilic environment, an amphipathic 
fl-strand may fold back on itself or dimerize in a 
parallel or antiparallel fashion to shield the 
hydrophobic amino acid from water. Since the 
phage tail fiber proteins are always found as 
dimers, the second possibility is more likely. For 
gp37 it has already been shown that the proteins 
are arranged in parallel with the C-terminus at the 
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Fig.2. Proposed folding of gp36 of the phages T4, T2, K3 and Ox2 (from left to right). Because of the similarities in 
the conserved regions,/~'-strands 1-7 (N-terminal strands, conserved) and A-K (C-terminal strands, conserved) are only 
outlined for the T4 protein. Hydrophobic amino acids are circled, amino acids predicted in turns are indicated by 
arrows, amino acids predicted to be in/?-structure are underlined only for the T4 sequence. 
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Fig.3. Structure prediction plots for gp36 of bacteriophage Ox2 (left) and gp38 of K3 (right). (A) The a-helix potential 
P~, d-strand potential Pa, turn potential Pt, and the prediction of ~-helix structure (s = re),/?-strand structure (s = d), 
or turn structure (s = t), according to Chou and Fasman [9]. (B) The position-dependent turn potential Pt according 
to Chou and Fasman [9]. (C) The hydrophobicity H according to Kyte and Doolittle [10]. (D) The hydrophobicity H,, 
of one side of an oe-helix around residue i according to Vogel and J~ihnig [11]. (E) The hydrophobicity Ha of one side 
of a d-strand around residue i according to Vogel and J~ihnig [l 1]. 
fiber tip [3]. However, nothing is known, so far, 
about gp34 and gp36. Reinspection of electron 
micrographs, taken previously to study the 
serological relationships of different phages [12], 
reveals that monovalent antibody fragments (Fab) 
always bind pairwise to the regions of the tail fiber 
where gp34, 36 and 37 are located (fig.4). Hence, 
dimerization of gp34 and 36 also occurs in a 
parallel fashion. 
proteins follow 
dimerization. 
This suggests that all tail fiber 
the same principle of parallel 
2.6. Model for the fiber structure 
The structural predictions for the tail fiber pro- 
teins support a model of two amphipathic cross-~- 
sheets forming a dimer, which is stabilized by the 
0 0 
0 @---@ O 
,, ', 
Fig.4. Electron microscopy. Phage Tull*-46 is shown 
with antibodies against phage Tull*-6 [12]. Monovalent 
antibody fragments (Fab) (arrowheads) bind always 
pairwise to regions including gp34, 6 and 37. 
----1 
1_.__ 
Fig.5. Formation of the dimer gp36. (l)d-Strands shown 
in fig.3 interact via H-bonds with each other (broken 
lines). These H-bonds indicate the axis of the fiber. The 
d-strands are amphipathic, therefore hydrophilic am no
acids (open circles) are at the outside and hydrophobic 
amino acids (dotted circles) on the inside attracting each 
other via hydrophobic forces (dotted lines). (2) Two d- 
sheets pack with an angle of 30 ° on top of each other 
[13]. If they are amphipathic, they start to twist around 
each other to shield the hydrophobic sides from contact 
with water. 
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hydrophobic interaction between the two 
monomers (fig.5). According to the finding that 
antibodies always bind pairwise, the two d-sheets 
are arranged in parallel. 
When d-sheets pack face to face, the angle be- 
tween the strand directions of the two d-sheets is 
about 30 ° [13]. Hence, if two long d-sheets are 
packed in this way, the contact between the two 
polypeptides is minimal and thermodynamically 
unstable (fig.5). To stabilize this structure the two 
d-sheets may then twist around each other. Such a 
twisted structure would confer a high rigidity to 
the fiber. This structure would agree with the pro- 
posal of Earnshaw et al. [4], that tail fibers are 
turned along their axis. 
2.7. Structure of the receptor recognizing 
proteins 38 
Protein 38, which is located at the fiber tip of Tz, 
K3 and Oxz and which is responsible for recogni- 
tion of the bacterial receptor, can be divided into 
two functional and structural domains: the 100 N- 
terminal aa which are known to bind to the 
neighboring protein 37 (fig.l) and the C-terminal 
160 aa which are responsible for receptor ecogni- 
tion [14]. Whereas the N-terminus of proteins 38 is 
rather conserved, the C-terminus is highly 
divergent within the phages. Also, as with other 
tail fiber proteins, the N-terminus is unique, but 
the C-terminus is repetitive. Fig.3 shows the struc- 
ture prediction plots for protein 38. The 
regularities identified for tail fiber proteins, d- 
strands alternating with d-turns to form an am- 
phipathic d-sheet, can be identified in the 100 N- 
terminal aa. 
The second half of the protein, which is respon- 
sible for receptor recognition, shows much less 
regularity. The frequency of turns is especially 
high. This phenomenon points towards a receptor 
binding site given by several turns forming a planar 
surface region as observed for antibody binding 
sites [15]. Two host range mutations, both of 
which alter the receptor specificity of the phages, 
have been localized at the sites indicated by arrows 
[14] which indeed lie near two predicted -turns. 
Thus, the presence of many turns within gp38 
make this protein a suitable candidate for a 
mediator of host binding. 
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